Fast highly-sensitive room-temperature semiconductor gas sensor based on the nanoscale Pt–TiO2–Pt sandwich  by Plecenik, T. et al.
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Development  of  fast  highly-sensitive  semiconductor  gas  sensors  operating  at room  temperature,  which
would be  compatible  with  semiconductor  technology,  remains  a challenge  for  researchers.  Here  we
present  such  sensor  based  on a nanoscale  Pt–TiO2–Pt sandwich.  The  sensor  consists  of  a thin (∼30 nm)
nanocrystalline  TiO2 layer  with  ∼10  nm  grains,  placed  between  the bottom  Pt  electrode  layer  and  top  Pt
electrode  shaped  as a long  narrow  (width  w down  to 80 nm)  stripe.  If we  decrease  w  to ∼100  nm  and
below,  the sensor  exposed  to  air  with  1%  H2 exhibits  the  increase  of response  (Rair/RH2 ) up  to ∼107 and
decrease  of the  reaction  time  to only  a few  seconds  even  at room  temperature.  The  sensitivity  increase  isas sensor
anoscale
andwich
oom temperature
iO2
due to  a nontrivial  non-ohmic  effect,  a sudden  decrease  (by  three  orders  of  magnitude)  of  the  electrical
resistance  with  decreasing  w  for w ∼ 100  nm.  This  non-ohmic  effect  is explained  as  a consequence  of  two
nanoscale-related  effects:  the hydrogen-diffusion-controlled  spatially-inhomogeneous  resistivity  of  the
TiO2 layer,  combined  with  onset  of the  hot-electron-temperature  instability  when  the  tiny  grains  are
subjected  to  high  electric  ﬁeld.
© 2014  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).. Introduction
Development of novel gas sensing devices is highly required
ue to the increasing demands in the environmental monitoring,
edical practice, security, monitoring of storages of explosive and
armful gases and other applications [1]. The metal oxide (MOX)
as sensors, based on the change of the resistance after expo-
ure to the reducing or oxidizing gas, are promising candidates for
uch “electronic noses” due to their high sensitivity and low price
2–4]. Their main drawbacks remain the low selectivity and rel-
tively high operating temperature, which limits their long-term
tability, use in hazardous and explosive environments, possibility
o decrease their power consumption and direct implementation
nto electronic circuits [1,5], although promising results have been
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ttp://dx.doi.org/10.1016/j.snb.2014.10.003
925-4005/© 2014 The Authors. Published by Elsevier B.V. This is an open access article unachieved on membrane structures [6,7]. Development of new gas
sensor types which would work at room temperature and con-
sume negligible power remains a challenge for researchers. One
of the options could be the use of TiO2 (or other) nano-wires and
nano-tubes [8,9] or other low-dimensional systems [10], which in
some cases exhibit very fast reaction time and high sensitivity to
hydrogen even at room temperature [11–13]. However, incompat-
ibility of this approach with standard semiconductor technology
makes it expensive and complicated for real applications. Other
approaches based on MOX  thin ﬁlms are focused on various doping
strategies, optimizing the ﬁlm thickness, grain size and distance
between the electrodes, all leading to a considerable increase of
sensitivity [7,14–18].
In this work, we present a hydrogen gas sensor based on a
Pt–TiO2–Pt sandwich composed of a wide (∼100 m)  bottom Pt
electrode covered by a 30 nm thick nanocrystalline (∼10 nm grains)
TiO2 layer and by a narrow (width w down to 80 nm) Pt electrode
on top of the TiO2, crossing the bottom electrode perpendicularly
(Fig. 1a). In this geometry we  beneﬁt from both the small ﬁlm thick-
ness and small distance between the electrodes (below 100 nm)
even without using advanced lithography methods. Similar elec-
trode geometry has already been proposed, but only the sensors
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Fig. 1. (a) Sketch of the device with three sensors. The white line depicts schematically the sensor proﬁle discussed below. (b) Typical AFM topography of the TiO2 ﬁlm
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furface. (c) Sketch of the sensor proﬁle. The red line shows the grain boundary at w
ith  a sketch of the conduction band proﬁle [23]. Here Ec is the ﬂat band energy, eV
g is the grain radius, and rn is the radius of the neutral (undepleted) grain region. I
ith wide (∼1 mm)  and large area electrodes were tested [19,20].
ere we show that by decreasing the width w of the top Pt elec-
rode below 1 m and particularly down to ∼100 nm and below,
he reaction time of the sensor decreases to a few seconds and
he response of the sensor to 1% of hydrogen increases up to ∼107
ven at room temperature. The increase of the sensor response is
ue to a nontrivial non-ohmic effect: the steep decrease (by three
rders of magnitude) of the electrical resistance with decreasing w
or w → 100 nm.
We show theoretically that this non-ohmic behavior is caused
y the hydrogen-diffusion-controlled spatially-inhomogeneous
esistivity of the TiO2 layer, combined with onset of the hot-
lectron-temperature instability at high electric ﬁelds, which in our
ase are as high as ∼4 × 107 V/m. In addition, the realistic ﬁeld dis-
ribution below the top electrode has to be taken into account. To
ur best knowledge, this effect has so far not been reported, at least
ot for the MOX-based sensors.
. Materials and methods.1. Deposition of TiO2 thin ﬁlms
For the ﬁrst set of samples the TiO2 ﬁlms were prepared as
ollows. The TiOx ﬁlms were deposited by DC reactive magnetrone  calculate the electron current (see the main text). (d) The sensor proﬁle together
 Schottky barrier, eVs is the intergrain energy barrier due to the electron depletion,
samples rn  rg and eVc  eVs .
sputtering from pure titanium target (99.95% purity) in a mixed Ar
(99.999% purity) + O2 (99.95% purity) atmosphere. Before deposi-
tion the chamber was  evacuated down to 5 × 10−4 Pa. The gas ﬂow
rates were regulated by the mass ﬂow controllers and held constant
at 45 sccm and 14 sccm (standard cubic centimeters per minute) for
Ar and O2, respectively. The partial pressure of oxygen measured
before the start of the deposition was  0.11 Pa and the total pres-
sure during the deposition was 0.7 Pa. The sputtering process took
place in the reactive regime. No transition to metallic mode was
observed during deposition. The samples were heated only by the
plasma. The substrate holder was  held on the ﬂoating potential and
the target to substrate distance was 7 cm.  The discharge current and
voltage were 300 mA and 430 V respectively, yielding the average
power density of 6 W cm−2. The as-deposited thin ﬁlms were trans-
parent and appeared to be almost fully amorphous according to the
XRD analysis. In order to increase the crystallinity and to improve
the long-term stability of the layers, the as-deposited ﬁlms were
annealed in ambient air at 600 ◦C for 1 h in the MTI  GSL-1600X-S60
tube furnace using ramp rate of 6 ◦C/min. The second set of sam-
ples was prepared in the same chamber and in the same way, except
that the following deposition parameters have been changed: the
gas ﬂow rates during the deposition were 54 sccm and 5 sccm for Ar
and O2 respectively, the oxygen partial pressure measured before
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he start of the deposition was 0.05 Pa, the discharge voltage was
50 V, the target to substrate distance was 5 cm and the substrate
as biased by −50 V.
.2. Fabrication of electrodes
Before the deposition of the TiO2 thin ﬁlms, the bottom Pt
lectrodes were prepared by lift-off photolithography and by sub-
equent deposition of the 20 nm thick Pt layer by dc magnetron
puttering. After removal of photoresist, the TiO2 ﬁlms were
eposited as described above. In the next step, the top Pt electrodes
ith thickness of 20 nm were prepared by dc magnetron sputtering
ollowed by the electron beam lithography and ion beam etching.
he ﬁnal structures were then annealed as described above.
.3. X-ray diffraction (XRD) and X-ray reﬂectivity (XRR)
For the X-ray diffraction analysis the PANalytical X’Pert PRO
RD  high resolution diffractometer with static X-ray source of
haracteristic Cu K radiation has been used. For the phase analy-
is the diffractometer was set to the symmetrical Bragg–Brentano
BB) parafocusing geometry and the fast PIXcel3D solid state area
etector was used. In order to avoid strong scattering along the
rystal truncation rod from the monocrystalline substrate (Al2O3
006 reﬂection), a small offset of ω −  ∼ 1◦ between the incidence
nd diffraction angle was chosen. In addition, the grazing incidence
-ray diffraction (GIXRD) with the ﬁxed glancing angle of 0.8◦ was
easured in order to obtain enhanced scattering from the TiO2 thin
ayer. The GIXRD utilized quasi-parallel primary beam formed by
 parabolic mirror and a parallel plate collimator in front of the
etector. The information on the layers thickness, average density,
nd surface/interface roughness was obtained from the specular X-
ay reﬂectivity (XRR) measurements employing a 0.1 mm receiving
lit. We  have also measured in situ XRD at elevated temperature of
he reference Al2O3/Pt/TiO2/Pt structures without the lithographic
teps. The measurement was performed at ambient atmosphere
sing the parallel beam and the domed hot stage Anton Paar DHS
100 mounted on the goniometer in the diffractometer enclosure.
y using the parallel beam, the shift of the diffraction maxima due
o the sample holder expansion was eliminated. The reference sam-
les were annealed in hot stage in the same way  as the sensor
tructure, at 600 ◦C for 1 h, with ramp rates of 5 ◦C/min.
.4. X-ray photoelectron spectroscopy (XPS)
The X-ray photoelectron spectroscope (Omicron multiprobe
ystem) with a hemispherical analyzer and monochromatic Al K
-rays (1486.6 eV) has been used for the analysis of the chemical
omposition of the TiO2 thin ﬁlms and reference Pt/TiO2/Pt struc-
ures. The depth proﬁles were done by using the Ar ion gun with
 2 keV ion energy. All spectra were measured at ambient temper-
ture with photoemission at 45 degrees from the sample surface.
o minimize the charging effects, a low-energy electron gun was
sed for the charge neutralization. The atomic concentrations were
alculated from the appropriate peak areas using the CasaXPS soft-
are.
.5. Atomic force microscopy (AFM)Topography of the prepared ﬁlms and structures has been exam-
ned by the scanning probe microscopes NTegra Aura and Solver
47 Pro by NT-MDT. All measurements were performed in a semi-
ontact AFM mode with standard silicon probes.ators B 207 (2015) 351–361 353
2.6. Gas sensitivity measurements
All gas sensing measurements were performed in a closed cham-
ber in the gas ﬂow regime controlled by two  ﬂow controllers (Red-y
Smart Mass Flow Meter and Controler by Icenta Controls Ltd.) pro-
viding the H2 concentration in the measurement chamber in the
range from 300 ppm to 10,000 ppm (parts per million). During the
measurement the sample was placed on the Tectra HTR-1001 heat-
ing element with a K-type thermocouple inside. The DC power
supply of the heater (Agilent E3632A) was regulated by a PID algo-
rithm to maintain the desired temperature up to 400 ◦C on the
thermocouple. The electrical resistivity of sensors was measured
by a Keithley 6847 Picoammeter/Voltage Source controlled by a
computer, allowing the resistance measurements in the range from
∼103 to ∼1011 .
3. Experimental results
Our gas sensor structures were prepared as follows: the 100 m
wide bottom Pt electrode was fabricated by lift-off optical lithog-
raphy and dc magnetron sputtering. The 30 nm thick TiO2 ﬁlm was
subsequently deposited by reactive dc magnetron sputtering, fol-
lowed by the fabrication of the top Pt electrode by dc magnetron
sputtering and electron beam lithography. The whole structure was
then annealed in air at 600 ◦C for 1 h to obtain the polycrystalline
TiO2 ﬁlm. Schematic drawing of the ﬁnal sensor structure is shown
in Fig. 1a.
The X-ray diffraction (XRD) analysis in the Supplementary Mate-
rials (SM) shows that our TiO2 ﬁlms are a nanocrystalline mixture
of the anatase and rutile phases, with the crystalline grains of size
∼9 nm for rutile and ∼18 nm for anatase. The grains of roughly that
size are visible also in the AFM topography image in Fig. 1b.
The TiO2 phase has been further conﬁrmed by the X-ray photo-
electron spectroscopy (XPS) which also revealed the diffusion of Pt
into the TiO2 layer at both Pt/TiO2 interfaces (see the XPS depth
proﬁles in the SM). Also due to this diffusion, the Schottky barriers
(if any) at the Pt/TiO2 interfaces are negligible, as discussed in detail
later. Moreover, the Pt diffusion into TiO2 is generally believed to
increase the sensor sensitivity [14,21].
All measurements were performed in a closed chamber in a ﬂow
regime of technical air with up to 10,000 ppm (parts per million)
of H2 gas, regulated by mass ﬂow controllers. The samples were
placed on a ceramic heating element with a K-type thermo cou-
ple. The resistance of the sensor was monitored by a Keithley 6487
Picoammeter/Voltage Source.
Typical dynamic response of the sensors with the top electrode
width ranging from 100 nm to 1100 nm to the 10,000 ppm of H2 in
technical air is shown in Fig. 2. The operating temperature ranged
from room temperature (24 ◦C) up to 100 ◦C, the voltage between
the top and bottom electrodes was  0.5 V. Clearly, all measured sen-
sors are sensitive to H2 at all considered temperatures. However,
a truly remarkable feature is the increase of the sensor response,
observed for the sensors with narrow top electrodes (w → 100 nm).
In addition, these sensors exhibit reaction time as short as a few
seconds. The decrease of the reaction time from several tens of
seconds for w ∼ 1000 nm down to a few seconds for w ∼ 100 nm,
particularly at room temperature, is more clearly visible from the
normalized dynamic response in Fig. 3.
The resistance response in Figs. 2 and 3 consists of a fast and
a slow part, as can be clearly seen on the semilog scale of Fig. 3b.
The fast part, taking a few seconds, likely reﬂects the time which
the H2 molecules need to diffuse from the top TiO2 surface to the
bottom one. The slow part, about 10 to 100 times slower than the
fast one, likely corresponds to the time which the H2 molecules
need to diffuse into the TiO2 region below the top electrode from
354 T. Plecenik et al. / Sensors and Actuators B 207 (2015) 351–361
Fig. 2. Typical dynamic response of sensors with top electrode width of (a) 1100 nm,
(b) 600 nm,  (c) 420 nm,  (d) 100 nm to 10,000 ppm of H2 gas in technical air at room
temperature (black), 50 ◦C (red) and 100 ◦C (blue). The voltage bias was kept at 0.5 V
i
l
r
(
o
w
P
a
P
t
i
t
T
r
H
a
s
t
o
w
d
a
r
s
ﬁ
F
t
i
t
Fig. 4. (a) Top: sensor resistance in dependence on the top electrode width w for 0
and 10,000 ppm of H2 at room temperature, 50 ◦C and 100 ◦C. These data are taken
from the (quasi)saturated part of the dynamic response in Fig. 2. Bottom: corre-
sponding response of the sensors at room temperature. We recall that the voltage
bias is 0.5 V. (b) The same measurements as in panel (a), but for the second set ofn  all measurements. (For interpretation of the references to color in this ﬁgure
egend, the reader is referred to the web version of this article.)
egions not covered by the electrode. Finally, there is also the third
slowest) part of the response, which is negligible on the time scale
f Figs. 2 and 3. This slowest response is due to the H2 molecules
hich get into the TiO2 ﬁlm by (very slow) diffusion through the top
t electrode. We  have detected this slowest response by measuring
 sensor with the sensing TiO2 ﬁlm completely covered by the top
t electrode (see the SM). In this case the H2 molecules get into
he TiO2 layer only through the top electrode and the response is
ndeed extremely slow.
Fig. 4a shows the dependence of the sensor resistance on the
op electrode width w, measured for 0 and 10,000 ppm of H2 gas.
hese data are taken from the (quasi) saturated part of the dynamic
esponse in Fig. 2. In Fig. 4a one sees that the resistance at 0 ppm
2 (Rair) ﬁrst increases with decreasing w (as one trivially expects)
nd then saturates at the value of ∼1011 ,  which is our mea-
urement limit. It is a note that measured values of resistance in
he order of 1011  can thus be much higher in reality. On the
ther hand, the resistance at 10,000 ppm H2 (RH2) ﬁrst increases
ith decreasing w, however, for w → 100 nm one sees a sudden
ecrease by three orders of magnitude at all considered temper-
tures. This decrease causes a signiﬁcant increase of the sensor
esponse (Rair/RH2), shown in the bottom panel.Experiments described above have been repeated for another
et of samples with the same device geometry, but with the TiO2
lms composed of pure rutile. The grains in these ﬁlms were of
ig. 3. Dynamic response to 10,000 ppm of H2 in the technical air at room tempera-
ure for sensors with various top electrode widths listed in the ﬁgure. The resistance
s  normalized to its initial value, corresponding to 0 ppm of H2. The right panel shows
he  same as the left one, but in semilog scale.samples, based on the pure rutile TiO2 ﬁlms with the nearly uniform grain size (see
the  main text). Here the bias voltage was 1 V.
roughly the same size, being about 10 nm according to the XRD
measurements (see the SM). The resulting R(w) dependence is
shown in Fig. 4b. Here the bias voltage is 1 V because at this volt-
age the R(w) dependence exhibits the same resistance decrease (by
three orders of magnitude) as in Fig. 4a. This makes the R(w) depen-
dences in Fig. 4a and b very similar. The quantitative agreement
cannot be expected since the TiO2 layers in the two sets of samples
are microscopically different. The appearance of the same resis-
tance decrease at different voltages (0.5 and 1 V) will be explained
below.
4. Theoretical discussion
In the rest of this text we describe our sensors theoretically. In
particular, our major aim is to explain the nontrivial R(w) depend-
ence observed in Fig. 4a and b. We  start with a brief review of the
sensing principles [22,23] and we  add the discussion speciﬁc to
our experimental situation. Besides the nanoscale sandwich geom-
etry and strongly depleted nano-grains, we  also need to incorporate
such effects like the in-plain hydrogen diffusion below the top Pt
electrode, electron heating by strong electric ﬁeld, and electric ﬁeld
distribution between the electrodes.
The metal oxides are mostly n type semiconductors with donor
density ND ∼ 1017–1020 cm−3 [22,24]. At room temperature and
above, all donors are ionized and the bulk density of the conduction
electrons (nb) is set to nb = ND. When a polycrystalline TiO2 layer
is exposed to the air, the O2 molecules from the air diffuse into
the layer along the inter-grain boundaries and eventually cover
the surface of each grain. At temperatures ∼300–450 K these O2
molecules react with the conduction electrons via the reaction [23]
O2 + e− → O−2 , where e− is the conduction electron and O−2 is the
negatively charged molecule due to the bound electron. The rate
equation of this reaction reads [23]
d[O−2 ]
dt
= kadspO2[e−] − kdes[O−2 ], (1)
where [e−] is the electron density at the grain surface, pO2 is the
density of the O2 molecules at the grain surface (the outside air
atmosphere maintains the value of pO2 at its atmospheric value
in the whole layer [23,25]), [O−2 ] is the areal density of the O
−
2
molecules at the grain surface, and k and k are the rateads des
constants [23]. The negatively charged O−2 molecules give rise to
the inter-grain energy barrier eVs which causes the electron deple-
tion at both sides of the inter-grain boundary (see Fig. 1d). The
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lectron density [e−] is just the density of the conduction electrons
ith energies ≥eVs and can be expressed as [23,25]
e−] 
(
rn
rg
)3
nb exp
(
− eVs
kbT
)
, (2)
here we have added an extra factor (rn/rg)3. It should be noted that
actor (rn/rg)3 does not appear in a standard one-dimensional model
ith a well deﬁned bulk region, where [e−] = nbexp(− (eVs/kbT))
see for instance [22,23]). However, the concept of the bulk region
ecomes meaningless in the case of the small spherical grain which
s depleted so much that the effective electron density in the grain
s 105–106 times smaller than the original bulk electron density
b  ND. If there is no bulk region, equation [e−] = nbexp(− (eVs/kbT))
s inapplicable simply because the density nb in the grain no longer
xists and cannot be used as a reference density. However, statis-
ical physics still allows us to use equation
e−]  neff
b
exp
(
− eVs
kbT
)
, (3)
here neff
b
is the effective electron density. Unlike nb, n
eff
b
is not
nown and needs to be determined. We  note that Eq. (3) con-
ains the symbol  instead of = because we intend to estimate neff
b
nly roughly as a position independent quantity. Strictly speaking,
q. (3) should be replaced by [e−] = neff
b
exp (−(eVs/kbT)), where
eff
b
represents the (unknown) electron density in the grain cen-
er. However, we prefer Eq. (3) because the position independent
spatially averaged) neff
b
can be relatively easy estimated from
xperiment (see below). Finally, it is instructive to express neff
b
as
eff
b
 (rn/rg)3ND, where (rn/rg)3 is the effective ﬁlling factor and rn
s the effective radius of the ﬁctitious bulk region with nb = ND.
If the air atmosphere contains hydrogen, the H2 molecules dif-
use into the TiO2 layer along the grain boundaries and eventually
ndergo the reaction 2H2 + O−2 → 2H2O + e−. It releases into the
rain the electron e− and produces the H2O molecules that leave
he layer by diffusion. The released electron enhances the electron
ensity [e−] by decreasing the barrier eVs and by increasing the
lectron density neff
b
. All this causes the resistance decrease and the
evice is a sensor of H2. We  will show below that in our experi-
ental conditions neff
b
≪ nb even at 10,000 ppm H2 (the sensing is
ainly due to the decrease of eVs) and we will extract the corre-
ponding rn. We  will see that the bulk region with volume 4r3n/3
s meaningless (therefore ﬁctitious) because the volume is so small
hat it contains only 10−3 of one donor.
We  start by recalling that the electron density [e−] given by for-
ula (3) is the density of electrons with energies ≥eVs. We  need
he relation between the measured sensor resistance and neff
b
. For
implicity, we  focus on our smallest sensor (w  100 nm), where
he hydrogen diffusion proﬁle below the top electrode is nearly
omogeneous and the corresponding [e−] is homogeneous as well.
aking into account the spatial homogeneity of [e−] and the fact
hat only the electrons with energies ≥eVs carry the current, the
ensor resistance R has to be ∝1/[e−]. Moreover, assuming that the
lectric ﬁeld between the contacts is (roughly) homogeneous, R has
o obey the Ohm’s law
 = (e[e−])−1
(
d
Lw
)
, (4)
here Lw is the area of the top contact surface, d is the distance
etween the contacts, and  is the constant with dimensions of
obility. Setting for [e−] expression (3) we can write R in the form
 = R0 exp
(
eVS
kbT
)
(5)ators B 207 (2015) 351–361 355
where
R−10 = en
eff
b

(
Lw
d
)
. (6)
In our supplementary material both R0 and VS are determined
from the experimentally measured R(T) dependence. Concerning
R0, we  obtain R0 ∼ 102–103  for the hydrogen densities between
10,000 ppm and 0 ppm. To estimate  in our samples, it is reason-
able to assume that the electron mean free path is limited by the
very small grain size, 2rg ∼ 10 nm,  and to use the standard diffusive
mobility expression
 = evth2rg
kbT
. (7)
It gives  ∼ 25 cm2/Vs for T = 300 K and vth  105 m/s, which is
a reasonable value (the mean free path and mobility reported for
various metal oxides in the literature [22–24] are about ten times
smaller, but at remarkably larger temperatures). Finally, using
the mentioned values of R0 and , from Eq. (6) we  obtain that
neff
b
 1015 cm−3 for 10,000 ppm and neff
b
 1014 cm−3 for 0 ppm.
To our knowledge, these values are far much lower than any value
of ND (or nb) reported for the nanocrystalline metal oxides in the
literature. We now estimate ND in our samples.
In our SM,  activation energies eVs are determined from the same
R(T) measurements as R0 and n
eff
b
. They vary between ∼0.7 eV and
∼0.3 eV for the hydrogen densities between 0 ppm and 10,000 ppm.
Since neff
b
≪ ND, we know safely that our grains are almost com-
pletely depleted. We  identify the obtained activation energy eVs as
the inter-grain barrier (because the Schottky barrier at the semicon-
ductor/metal interface, if any, would be much larger) and consider
the completely depleted grains. For the completely depleted spher-
ical grain one easy derives the formula
eVS(0 ppm) =
e2NDr2g
6ε
, (8)
where ε is the static permittivity of TiO2. Using eVs  0.7 eV,
2rg  10 nm and ε  100ε0 we ﬁnd ND ∼ 1020 cm−3, which is a safe
estimate (it agrees with the largest ND mentioned in the litera-
ture [22], a smaller value would underestimate the experimentally
determined eVs). As the hydrogen concentration increases, n
eff
b
increases to neff
b
(10,000 ppm)  1015 cm−3 and eVs decreases to
eVs(10,000 ppm) ∼ 0.3 eV. Indeed, neffb ≪ ND even at 10,000 ppm
H2. From equation
neff
b
(10, 000 ppm) 
(
rn(10, 000 ppm)
rg
)3
ND, (9)
we obtain the ﬁlling factor
(
rn(10,000 ppm)
rg
)3
 110,000 and
rn(10, 000 ppm) 
rg
20
 0.25 nm.  (10)
If we  attempt to view rn as a radius of the neutral bulk region in
the grain center, we readily ﬁnd that the volume 4r3n/3 contains on
average only 10−3 of one donor (10−3 of one bulk electron). Clearly,
such small bulk region is a meaningless concept.
In fact, the problem is even more complicated. If we view rn as
the radius of the neutral bulk region and rg − rn as the depletion
width under the grain surface, we can modify Eq. (8) as
eVS(10, 000 ppm) =
e2ND(rg − rn(10, 000 ppm))2
6ε
. (11)Using eVs(0 ppm)  0.7 eV, eVs(10,000 ppm)  0.3 eV
and rg = 5 nm, from Eqs. (8) and (11) we obtain
rn(10,000 ppm)  rg/3  1.6 nm,  and from Eq. (9) we  get
neff
b
(10,000 ppm)  (1/27) × 1020 cm−3. According to these values
3 d Actuators B 207 (2015) 351–361
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Fig. 5. (a) Coordinate system for our device. The top electrode is sketched schemat-
ically. (b) Density of the H2 molecules at the grain surface, pH2 (x), obtained from Eq.
(8). (c) Electrostatic potential ϕ(x, y) between the top and bottom electrode, calcu-
lated from Eq. (12) as discussed in the text. The width of the top electrode in this
calculation is w = 100 nm,  the thickness of the TiO2 layer is d = 30 nm,  the poten-
tial  is normalized to the bias voltage V. The cross section of the top electrode (gray
area) merges into the TiO2 layer to mimic the Pt proﬁle found in our XPS and X-ray56 T. Plecenik et al. / Sensors an
he grain remains strongly depleted, however, they are sig-
iﬁcantly larger than values rn(10,000 ppm)  0.25 nm and
eff
b
(10,000 ppm)  1015 cm−3, extracted from the measured
esistance. Two comments are needed here. First, volume
r3n/3 is still too small to be a meaningful bulk region (it
till contains only about 10−1 of one donor). Second, value
eff
b
(10,000 ppm)  (1/27) × 1020 cm−3 was obtained by means of
q. (11) which assumes that all electrons released from the O−2
olecules at the grain surface return to the grain. The fact that the
ctual value, neff
b
(10,000 ppm)  1015 cm−3, is much lower strongly
uggests that a signiﬁcant part of the electrons released from the
rain surface is subsequently depleted by the Pt electrodes. This
epletion produces at both Pt/TiO2 interfaces the energy barrier
hich we estimate as eVc ∼ e2(ND/27)d2/8. This barrier is a few
imes lower than our lowest eVs and therefore negligible (one can
xpect that eVc is further reduced by the smearing of the Pt/TiO2
nterface, observed experimentally in our SM).
Due to these complications, we rely on the empirical estimate
f eVs, n
eff
b
, and (rn/rg)3, and we do not attempt to perform any
icroscopic calculation. We  have so far discussed these estimates
or our smallest sensor (w  100 nm)  assuming that the hydrogen
iffusion proﬁle in the sensor is roughly homogeneous. We  will see
oon that in most of our sensors the hydrogen diffusion proﬁle is
trongly inhomogeneous. In such case eVs, n
eff
b
, and (rn/rg)3 become
nhomogeneous as well and have to be calculated theoretically. We
ow present the calculation which is partially microscopic and par-
ially empirical in the sense that it uses the above estimated eVs, n
eff
b
,
nd (rn/rg)3 as known boundary conditions.
First of all, to incorporate reaction 2H2 + O−2 → 2H2O + e−, the
ate Eq. (1) has to be modiﬁed as [23]
d[O−2 ]
dt
= kadspO2[e−] − kads[O−2 ] + kreactp2H2 [O
−
2 ], (12)
here kreact is the rate constant and pH2 is the density of the H2
olecules at the grain surface. Unlike pO2 , density pH2 depends on
he position in the TiO2 layer and this position dependence has to be
etermined by solving a proper diffusion equation [25]. We  discuss
his solution for the coordinate system in Fig. 5a.
Consider ﬁrst the TiO2 layer without the top electrode. In this
ase the position dependence of pH2 is described by the diffusion
quation d2pH2/dy2 = pH2/	2, where 	 is the diffusion length of
he H2 molecule, and by the boundary condition pH2(y = d) = patmH2 ,
here patmH2 is the atmospheric value of pH2 [25]. We  will see that
ur theory mimics the data in Fig. 4 if 	 is nearly equal to the layer
hickness (d  30 nm). We  note that 	  30 nm is not far from the
alue 	  100 nm,  reported [25] for the SnO2 ﬁlms. Since 	  d, the
 dependence of pH2 can be neglected.
Due to the top electrode pH2 depends on x. If the H2 molecules
annot leak into the TiO2 layer through the top Pt electrode, then
H2(x)  patmH2 for x ≤ −w/2 and x ≥ w/2, while for x ∈(−w/2, w/2)
e have the diffusion equation d2pH2/dx2 = pH2/	2 with conditions
pH2/dx = 0 and pH2(±w/2) = patmH2 . Its solution is
H2 (x) =
patmH2
cosh
(
x
	
)
cosh
(
w
2	
) . (13)
If there is also a slow (quasi-stationary) leakage of H2 through
he top electrode, we can modify solution (13) as
H (x) = (patm − pleak)
cosh
(
x
	
)( ) + pleak, (14)2 H2 H2 cosh w2	 H2
here pleakH2 is density of the H2 molecules that came into the TiO2
ayer through the top electrode. We  stress that pleakH2 raises verymeasurements. (d) Electric ﬁeld at the bottom electrode, F = −∂ϕ(x, y = 0)/∂y, for the
potential in panel (c) and V = 1 V.
slowly with time. As already mentioned, this rise time is much
longer than all relevant resistance-response times in Figs. 2 and 3.
In other words, in our experiments the resistance response to H2
is mainly due to the H2 molecules that arrive into the region under
the top electrode from regions not covered by the electrode. The
(quasi)stationary solution (14) with pleakH2  p
atm
H2
is applicable when
the fast part of our resistance response to H2 is (quasi)saturated.
Dependence (14) is plotted in Fig. 5b.
We express the electron current (I) in our sensor as
I = L
∫ ∞
−∞
dxjy(x, y = 0),  (15)
where jy(x,y = 0) is the y component of the current density at the
bottom TiO2 surface. Since jx(x,0) = 0, we  simplify notation jy(x,y = 0)
to j(x). We  assume that j(x) is equal to the thermionic emission
current density from grain 1 to grain 2, where grain 2 sits at position
x on the bottom electrode and grain 1 sits on the top of grain 2. The
considered inter-grain boundary is the red line in Fig. 1c. If it is (for
simplicity) parallel with the surface, j(x) reads
j ≈
(
rn
rg
)3
nbje, (16)where je is the single-electron thermionic emission current
[22,23,26]„
je = evthe−
eVS−kbTe
kbTe (e
eV1
kbTe − e−
eV2
kbTe ) , (17)
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th = (8kbTe/m)1/2 is the thermal velocity in the direction nor-
al  to the boundary, Te is the electron temperature, and energies
Vs − eV1 and eVs + eV2 are the respective barrier heights in
he grain 1 and 2. Obviously, eV1 (eV2) is the voltage-induced
ecrease (increase) of the barrier on side 1 (side 2) of the inter-
rain boundary [23]. We  take eV ≈ eFrg, where F is the electric
eld due to the external voltage V. Finally, note that Eq. (17) con-
ains a slightly modiﬁed inter-grain barrier, namely eVS − kbTe. The
ecrease by value kbTe is aimed to slightly correct the approxima-
ion of the complete depletion [22,26]. Our ﬁnal results are changed
lightly if the correction is skipped.
A direct calculation of electric ﬁeld F for a given geometry of
etallic electrodes is a tedious task. We  use an inverse approach
n which a proper ﬁeld distribution is chosen and the shape of each
lectrode is speciﬁed by choosing a proper equipotential surface. To
odel the top electrode of ﬁnite thickness and width w, we replace
t by a ﬁctitious inﬁnitely thin stripe of width w’  w,  charged by
he areal charge density . Electrostatic potential due to the stripe
nd bottom electrode, ϕ(x, y), can be calculated by the image charge
ethod since the bottom electrode is the equipotential plane (with
 = 0 for simplicity). We  get
(x, y) = 
4ε
∞∑
k=−∞
|k|
{
x+ ln r+ − x− ln r− + 2y+
×
(
arctan
x−
y+
− arctan x
+
y+
)
− 2y−
(
arctan
x−
y−
− arctan x
+
y−
)}
(18)
here x± = x ± w’/2, y± = y ± d±, d± = d[(−1)k ± 2k],
± = ((x±)2 + (y−)2)/(((x±)2 + (y+)2),  = (r − 1)/(r + 1), and
r = /0  100 [27], with 0 being the permittivity of the air
bove the TiO2 layer. Finally, F = −∂ϕ(x, y = 0)/∂y, because we
valuate the current (and ﬁeld) at the bottom electrode. The
hape of the top electrode (see Fig. 5c) is speciﬁed by equations
 = ϕ(x = 0, y = 3d/4) and V = ϕ(x = ±w/2, y = d), which determine the
arameters  and w’ by means of V and w. The former equation
eans that the top electrode merges into the TiO2 layer up to
 = (3/4)d. This merging emulates our XPS and X-ray data in the
M.  Field F as a function of x is shown in Fig. 5d.
To obtain Te, we solve numerically the energy-balance equation
28]
kbTe
2
= kbT
2
+ jeFe (19)
here e is the energy relaxation time and the term jeFe rep-
esents the electric ﬁeld induced heating of the electron gas.
lectrons in TiO2 experience a strong Fröhlich interaction with
ongitudinal optical (LO) phonons [29]. It is reasonable to view e
early as one half of the time that the electron needs to lose the
xcess energy 2rgeF via the emission of the LO phonons. Thus e
 LO[Int(2rgeF/ωLO) + 1]/2, where ωLO = 46 meV  is the LO phonon
nergy and 1/LO is the LO phonon emission rate. We  show in the
M that LO ≈ 0.6 × 10−14 s.
For small enough F Eq. (19) gives Te = T as one expects. How-
ver, Eq. (19) also shows that the rise of F causes the rise of Te
s a result of the ﬁeld induced heating. A closer inspection of Eq.
19) shows that Te rises with F smoothly until it satisﬁes equation
je(Te)/dTe = kb/Fe. The last equation (solvable numerically) deﬁnes
he critical ﬁeld at which Te jumps abruptly well above the value
eVs − eV1)/kb. We  call this jump the electron temperature insta-
ility, the critical ﬁeld is typically a few times smaller than VS/rg. Forators B 207 (2015) 351–361 357
kbTe > eVs − eV1 the thermionic emission changes to the electron
drift and the current (17) changes abruptly to
je  evth
eV1 + eV2
kbTe
= eF, (20)
where  = evth2rg/kbTe is the hot electron mobility. The current (20)
is the diffusive hot electron current. It is limited by the mean free
path ∼2rg, it is much larger than current (17). Whenever Te jumps
above (eVs − eV1)/kb, we  solve Eq. (19) for the current density (20)
instead of (17). It should be stressed that Te is the electric-ﬁeld-
driven temperature of the non-equilibrium electron distribution
and has nothing in common with the lattice temperature T. More
precisely, T represents the sample temperature (Te = T only for small
F) while Te characterizes the hot electrons during their transit time
from the source to the drain. For kbTe > eVs − eV1 the transport is
due to the electron drift and the transit time, d/F, is of the order
of one picosecond.
To obtain eVs in dependence on pO2 and pH2(x), we  apply a
semiempirical estimate. We combine Eqs. (12) and (2) and assume
a steady state. This gives the equation(
rn
rg
)2
exp
(
− eVS
kbT
)
= kdes
kads
pO2 [O
−
2 ]
(
1 + kreact
kads
p2H2
)
. (21)
Similarly, we  combine Eqs. (1) and (2), and obtain(
rn(0)
rg
)
exp
(
− eVS(0)
kbT
)
= kdes
kads
pO2[O
−
2 (0)], (22)
where rn(0), eVs(0), and [O−2 (0)] are rn, eVs, and [O
−
2 ] at pH2 = 0.
The leading dependence on pH2 in Eq. (21) is due to the term
exp(−eVs/kbT) and term ∝ p2H2 which vary between 0 ppm H2
and 10,000 ppm H2 a few orders of magnitude. It is therefore
reasonable to set into Eq. (22) approximations [O−2 ]  [O−2 (0)]
and (rn/rg)3  (rn(0)/rg)3. Concerning the former approximation,
it can be easily shown that [O−2 ] decreases between 0 ppm H2
and 10,000 ppm H2 only 1/
√
2 times or less. As for the latter
approximation, the relatively weak effect of hydrogen on (rn/rg)3
has already been discussed in the preceding text. Using these
approximations and expression [25] kreact/kads = (C−2)exp(Ea/kbT),
where Ea is the activation energy of the chemical reaction and
C−2 is a constant, one obtains from Eqs. (21) and (22) the
equation
eVS = eVS(0) − kbT ln
[
1 + exp
(
Ea
kbT
)  (pH2
C
)2]
. (23)
The last equation expresses eVs in dependence on pH2 . It is
a semiempirical expression because it involves the parameters
eVs(0), Ea, and C which we  determine empirically.
5. Remark on empirical determination of parameters eVs,
Ea and C
Eq. (23) is x-dependent because of the pH2(x) dependence. The
x-dependence of pH2(x) becomes weak for w → 2	  60 nm,  where
the diffusion proﬁle of H2 (Eq. (14)) is roughly pH2(x)  patmH2 . In this
case Eq. (23) reduces to the x independent equation
eVS(patmH2 ) = eVS(0) − kbT ln
[
1 + exp
(
Ea
kbT
)(patmH2
C
)2]
. (24)
Thus, Eq. (24) can be compared with the experimentally obtained
eVS(patmH2 ) dependence, measured in samples with small enough
w. This comparison, performed in the SM for the sample with
w  100 nm, allows us to determine Ea and C by ﬁtting. We  obtain
Ea  0.29 eV and C  pair/300, where pair is the air density. Using
3 d Actuators B 207 (2015) 351–361
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Fig. 6. Sensor resistance as a function of the top electrode width w. Panels (a) and
(b) show the results of the minimum model in which the polycrystalline TiO2 layer
consists of the same grains of size 2rg = 9.3 nm.  Namely, panel (a) shows the room
temperature data for various voltages and panel (b) shows the data for various tem-
peratures and voltage V = 1 V. Panels (c) and (d) show what happens if one fourth
of  the TiO2 layer volume in the minimum model is ﬁlled (see the text for details)
by about twice larger grains, here by grains of size 2rg = 21 nm. Note that panel (c)
the onset of the electron temperature instability which changes the
thermionic emission current to the diffusive hot electron current
(see the discussion of Eqs. (19) and (20)).
Fig. 7. Panel (a) shows the same calculations as panel (b) of Fig. 6,  except that the
grain size is distributed around the central value (here 2rg = 8.7 nm)  according to58 T. Plecenik et al. / Sensors an
hese values, eVs(0 ppm H2) = 0.7 eV, and the diffusion proﬁle (14),
q. (23) is fully speciﬁed and can be used in the calculation of
he electron current (Eq. (17)). Now we add a few important
emarks.
First, ideally, the activation energy should be a temperature
ndependent constant. However, our eVs depends on T and its
xperimental determination from the Arrhenius R(T) curve may
herefore seem meaningless. In general, the T dependent activa-
ion energies occur in practice [30] and their determination needs
 special approach if the T dependence is strong. In our samples
his is not the case, because ln R(T) is nearly ∝1/T in the temper-
ture range 300–400 K (see the SM). Due to these reasons, we
ave applied the Arrhenius plot with a single activation energy
n the whole temperature range. A better approach would be to
ivide the considered temperature range into small increments
nd to extract the activation energy in each increment separately.
his approach would give a set of the temperature-dependent
ctivation energies distributed around our single value with a
pread of about 10–20% (depending on the hydrogen concentra-
ion). However, the incorporation of the temperature dependent
ctivation energy would make our presentation very complicated
nd cumbersome, with a minor effect on our major results and
onclusions.
Second, temperature T in Eqs. (21)–(24) should not be confused
ith electron temperature Te. We  recall that Te characterizes the
on-equilibrium electrons during the transit time from the source
o the drain and this time can be as short as one picosecond.
Third, we recall that our empirical determination of eVs and
0 relies on the resistance measurements performed at temper-
tures 100 ◦C, but with exception of the case 0 ppm H2. Only
n this case the value eVs(0 ppm) ∼ 0.7 eV has been obtained from
he measurements at 250 ◦C and assumed to be valid at temper-
tures 100 ◦C. In this case there is a strong theoretical support
or the use of the temperature independent eVs(0 ppm). No matter
hat is the temperature, the temperature independent estimate
VS(0 ppm) = (e2NDr2g /6ε) has to hold well as long as the grain is
epleted and all depleted electrons are captured at the grain sur-
ace.
The last but not least, according to works [31,32] there is a pos-
ibility that the hydrogen sensing at room temperature is due to
he hydrogen molecules which dissociate at the top Pt surface and
fter that diffuse to the semiconductor surface where they react.
his sensing mechanism is not considered in our theory because
e believe that it is of minor importance in our sensors. Our sen-
ors exhibit at room temperature the response times as short as a
ew seconds while the room temperature response times in papers
31,32] are much longer (compare our Figs. 2 and 3 with the Fig.
 in [31] and Figs. 3 and 5 in [32]). This signiﬁcant difference in
he response times does not support the possibility of the same
ensing mechanism. Moreover, the chemical reactions considered
n our transport theory are expected to be operative in TiO2 at
emperatures below 400 K also according to Fig. 7 in reference
23]. Finally, the fact that our transport calculations are capable
o explain numerous highly non-trivial trends of our experimen-
al data (see the next section) strongly suggests that the essence
f the sensing mechanism in our sensors has been successfully
aptured.
. Results of transport calculations
Figs. 6 and 7 show our theoretical results for the sensor resis-
ance, R = V/I, in dependence on the top electrode width w.  We
rst discuss the results of the so-called minimum model in which
he TiO2 layer consists of the same grains. We  choose 2rg = 9.3 nm,
hich is roughly the grain size in sensors of Fig. 4b. Fig. 6a shows thereveals almost the same features as panel (a), but at twice smaller voltages. Similarly,
the data in panel (d), obtained for V = 0.5 V, resemble those in panel (b), obtained for
V  = 1 V.
results for various voltages V and for T equal to the room tempera-
ture. The resistance at 0 ppm H2 follows the Ohm law R(w) ∝ w−1,
but it is non-ohmic in the sense that it depends on V. Dependence on
V is due to the factor exp (eV1/kbTe) in the single-electron current
je. We  note that now Te  T because the heating term jeFe in Eq. (19)
is suppressed by factor exp(−eVs(0 ppm H2)/kbTe). Clearly, the R(w)
curve for 10,000 ppm H2 looks quite different. Note that R(w) ∝ w−1
only for large w. For w  103 nm the R(w) curve saturates and above
certain voltage (here for V ≥ 0.97 V) suddenly drops at w ∼ 102 nm
by more than two  orders of magnitude. This sudden drop is due tothe  Gaussian distribution with spread 1 nm. Similarly, panel (b) shows the same
calculations as panel (d) of Fig. 6, except that the size of the small grain is distributed
as already mentioned and the size of the large grain follows the Gaussian distribution
centered around 19.5 nm with spread of 2 nm. Also shown are the corresponding
sensitivities at room temperature.
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[2] N. Barsan, D. Koziej, U. Weimar, Metal oxide-based gas sensor research: how
to? Sens. Actuators B 121 (2007) 18–35.
[3] D.E. Williams, Semiconducting oxides as gas-sensitive resistors, Sens. ActuatorsT. Plecenik et al. / Sensors an
Measurements in Fig. 4a show a similar scenario, but for
 = 0.5 V. In the samples of Fig. 4a about 75% of the TiO2 layer vol-
me  is ﬁlled by grains of a similar size (2rg ∼ 9 nm) as the grains
n samples of Fig. 4b. However, the rest (25%) of the layer vol-
me  is ﬁlled by the twice larger grains. In our minimum model
 30 nm thick TiO2 layer is densely packed with small grains of size
rg ∼ 10 nm.  To accommodate the model for sensors of Fig. 4a, we
ll 25% of the layer volume by the twice larger grains. One large
rain (2rg ∼ 20 nm)  replaces eight small grains so that it is placed
ither on the bottom electrode or on the top of four small grains
hich sit on the bottom electrode. A dominant contribution to the
lectron current (directed to the bottom electrode) is due to the lat-
er case because in that case the voltage drop V1 = eFrg involves rg
f the large grain and the factor exp(eV1/kbTe) is large. We  obtain
he results shown in Fig. 6c and d. One sees a similar scenario as in
ig. 6a and b, but at twice smaller voltages. This is in accord with
xperimental data of Fig. 4a and b.
Finally, in Fig. 7 we repeat the calculation from Fig. 6b and d once
gain, but we assume that the grain size is smeared out around the
entral value according to the Gaussian distribution. Due to this
ffect the theoretical R(w) curves become more smooth and thus
ore similar to the experimental ones in Fig. 4.
. Summary and conclusions
In summary, the fast highly-sensitive room-temperature hydro-
en gas sensor based on the nanoscale Pt–TiO2–Pt sandwich has
een realized experimentally and described theoretically. Specif-
cally, the sensor response (Rair/RH2) as high as ∼107 and the
esponse time as short as a few seconds are observed at room tem-
erature if the width (w) of the top Pt electrode is reduced down to
100 nm and below. The high sensor response is due to the non-
rivial non-ohmic effect, the steep (three-orders-of-magnitude)
ecrease of the sensor resistivity R with decreasing w for w close to
00 nm.  This non-trivial R(w) dependence is explained as an inter-
lay of three effects which have to be considered simultaneously.
he ﬁrst one is the inhomogeneous (varying on the scale of ∼30 nm)
patial distribution of the hydrogen molecules below the top elec-
rode, the second one is the hot-electron-temperature instability
rising when the ∼10 nm TiO2 grains are subjected to the elec-
ric ﬁeld as high as ∼4 × 107 V/m, and the third one is the realistic
ano-scale distribution of the electric ﬁeld below the top electrode.
urther, it is remarkable that the power consumption of our sensors
s only 10−11 W,  their fabrication process is compatible with semi-
onductor technology, and the mechanism responsible for the high
ensitivity likely works also if TiO2 is replaced by another similar
xide. All this makes them suitable for mass production. Finally, it is
bvious on the ﬁrst glance that our sandwich concept offers a possi-
ility to increase the sensor sensitivity by another several orders of
agnitude simply by replacing the top electrode with one Pt stripe
y an electrode with many parallel Pt stripes. A sufﬁcient number
f stripes would decrease the sensor’s resistivity to a measurable
evel also at 0 ppm H2. This possibility is undoubtedly attractive
ince already a single sensing unit of such multiple-stripe structure,
he structure examined in this paper, works exceptionally well.
cknowledgments
Experimental work was supported by the Slovak Research and
evelopment Agency under contract no. APVV-0199-10 and by
he Ministry of Education of the Slovak Republic under contract
o. VEGA 1/0605/12. It is also result of the project implementa-
ion: 26240120026 and 26240120012 supported by the Research &
evelopment Operational Program funded by the ERDF. Theoretical
ork (by the IEE authors) was supported by the IEE.ators B 207 (2015) 351–361 359
Appendix A. List of variables
w width of the top electrode of the sensor
L length of the top electrode of the sensor
d distance between the top and bottom electrode, i.e. the thick-
ness of the TiO2 layer
R resistance
R0 resistance pre-factor
Rair resistance of the sensor in technical air
RH2 resistance of the sensor in technical air with 1% of H2
ND donor density in the TiO2 grain
nb density of the conduction electrons in the bulk TiO2 grain
neff
b
effective density of the conduction electrons in the TiO2
grain
(rn/rg)3 effective ﬁlling factor
rg grain radius
rn effective radius of the ﬁctitious bulk region
[e−] electron density at the grain surface, more generally the
density of the conduction electrons with energies ≥eVs
eVs inter-grain energy barrier
O−2 areal density of the O
−
2 molecules at the grain surface
pO2 density of the O2 molecules at the grain surface
pH2 density of the H2 molecules at the grain surface
patmH2
atmospheric value of pH2
kads adsorption rate constant
kdes desorption rate constant
 constant with dimensions of mobility/electron mobility
ε static permittivity 100ε0
	 diffusion length of the H2 molecule in the TiO2 layer
I electron current
j  electron current density
je single-electron current
vth thermal velocity in the direction normal to the boundary
T lattice temperature
Te electron temperature
eV1 (eV2) voltage-induced decrease (increase) of the barrier
on side 1 (side 2) of the inter-grain boundary
V external voltage
F electric ﬁeld due to the external voltage
w’ width of the ﬁctitious top electrode which emulates the
potential of the real top electrode
 areal charge density
ϕ electrostatic potential
e energy relaxation time
ωLO longitudinal optical (LO) phonon energy
1/LO LO phonon emission rate
Ea activation energy
Appendix B. Supplementary data
Supplementary material related to this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.snb.2014.10.003.
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